Abstract-The stationarity region, i.e., the area in which the statistics of a propagation channel remain constant, is an important measure of the propagation channel, and essential for efficient system design. This paper presents what is to our knowledge the first extensive measurement campaign for measuring the stationarity region of MIMO mm-wave channels. Using a novel 28 GHz phased-array sounder with high phase stability, we present results in an urban microcell LoS, and LOS to NLOS transition region scenario, for the stationarity region of shadowing, power delay profile, and the angular power spectrum. A comparison to results at cm-waves shows considerably reduced stationarity region size, which has an important impact on system design.
I. INTRODUCTION
One of the most important ways to satisfy the constantly increasing demand for wireless data is making available more spectrum for cellular and WLAN communications. An especially promising frequency range is the millimeter-wave (mm-wave) band, due to the large swaths of currently fallow spectrum [1] . In the USA, the frequency regulator (Federal Communications Commission, FCC) has recently made available more than 15 GHz of bandwidth for unlicensed or licensed operation, and other countries, as well as the World Radio Conference, are expected to follow suit. Furthermore, recent progress in semiconductor technology and adaptive beamforming has made possible the fabrication of mm-wave hardware at reasonable prices [2] . For all these reasons, the 5G standard by 3GPP (the international standardization body for cellular communications) as well as the IEEE 802.11 standard for WLANs prominently feature mm-wave communications.
In order to design and evaluate wireless systems, a thorough understanding of the propagation channel is required [3] . In this context, it is important to note that mm-wave channels show fundamentally different behavior compared to channels below 6 GHz carrier frequency, which have been mostly investigated up to now. These differences are an almost complete absence of diffraction as effective propagation process, and the relatively greater roughness (in units of wavelength) of objects the waves interact with [4] . For these reasons, a number of propagation measurements have been done in both indoor and outdoor environments at mm-waves over the past 30 years (see [4] - [6] for a review and further references. Recent work has particularly concentrated on directional channel characteristics, i.e., the channel behavior as seen by directional antennas since use of directional antennas is essential at mmwave frequencies as the antenna gain is required to compensate for the higher free-space pathloss (PL). Standardized channel models for IEEE 802.11ad [7] and 3GPP SCM [8] have been derived. Small-scale fading statistics have been analyzed, e.g., in [9] .
However, despite the existence of some measurements, many gaps in our understanding of propagation channels remain. One of the most important gaps is the dynamic behavior of the channels. Our results attempt to answer the question about the stationarity region of the channel, i.e., the area over which the channel statistics stay approximately constant. This is so important for mm-wave systems because on one hand due to the mobility of users, fixed-orientation horn or parabolic antennas cannot be used in cellular systems and on the other hand, adaptive beamforming is often based on the channel statistics (and not the instantaneous fading) in order to reduce channel training overhead and hardware requirements [10] . Furthermore, the area in which the power delay profile (PDP) / delay spread stays constant is critical for efficient pilot design, while gain control and similar parameters may depend on the shadowing state. For all these reasons, measurements of the stationarity region size is essential. At cm-wave frequencies, numerous investigations of stationarity region size have been done, and metrics have been established to measure the stationarity region size of shadowing, PDP, and correlation matrix distance (CMD) [11] - [13] and references therein.
Yet, at mm-wave frequencies, hardly any measurements exist, with the exception of the few cases discussed below. For example, the corresponding parameters in the 3GPP channel model are not based on mesaurements at mm-wave frequencies. Ref. [14] investigates the lifetime of multipath components in a street canyon, as well as their change in power and direction. However, the measurements were only done in a line-of-sight (LoS) scenario in a single street canyon, measured at 7 locations separated by 5 m each, and furthermore are single input multiple output (SIMO), not multiple-input multiple-output (MIMO). Also, measurements were evaluated with respect to the persistence and angle change of individual multipath components, which are only indirectly related to stationarity regions. Some recent work [15] - [17] , done in parallel to our investigations, investigates the nonstationary statistics of mm-wave channel, which include the diffraction measurement and the transition between LoS and non-lineof-sight (NLoS), but is based on experiments at 73 GHz, in contrast to our investigations at 28 GHz. Results are presented for the change in the pathloss along a track, or in a cluster, with measurement locations spaced 5 m apart. However, to our knowledge there are no measurements in the literature that are based on a dense spatial sampling; nor are there measurements of stationarity regions for shadowing, PDP, or angular spectra. In this paper, we aim to fill this gap.
The main contributions of this paper are as follows:
• We present the measurement setup and procedure for MIMO measurements on a densely sampled route, using a novel phase array based channel sounder with high phase stability. Our results are based on more than 29 million recorded impulse responses.
• For measurement routes covering LoS and the transition between LoS and NLoS, we present stationarity regions of channel statistics such as PDP and shadow fading, as well as the evolution of angular spectra. The results thus serve as important guidelines for mm-wave system design.
The remainder of the paper is organized as follows: Section II describes our channel sounder and the measurement environment and procedure. Section III covers the evaluation procedure of the data, and presents the results. A summary and conclusions in Section IV wrap up the paper.
II. MEASUREMENT CAMPAIGN
In this campaign, we used a real-time, phased-array, wideband mm-wave channel sounder that is capable of beamforming at both the receiver (RX) and the transmitter (TX) [18] . Both the TX and the RX are equipped with phased antenna arrays capable of forming beams which can be electronically steered with 5
• resolution in the range of [−45
• ] in azimuth. Compared to the setups with rotating horn antennas or virtual antenna arrays, the electronically switched beams decreases the measurement time for one RX-TX location from hours to milliseconds. During this campaign, we measured for 361 total beam pairs in 14.44 ms per location, with a singleinput single-output (SISO) averaging factor of 10 allowing a measurable path-loss of 169 dB. Thanks to the short measurement time, unlike the rotating horn antenna sounders, we can perform double directional measurements on continuous routes as the RX or TX moves. By using GPS-disciplined Rubidium frequency references, we were able to achieve both short-time and long-time phase stability. Combined with the short measurement time this limits the phase drift between TX and RX even when they are physically separated and have no cabled connection for synchronization as in this case. Consequently, all TX and RX beams were measured phasecoherently.
The sounding signal has 801 tones equally spaced over 400 MHz total bandwidth. This provides a 2.5 ns delay res- olution with 2 μs measurable excess delay. To better utilize the dynamic range of the sounder, the phases of individual tones are manipulated as suggested in [19] resulting in a peak to average power ratio (PAPR) of 0.4 dB. The main specifications for the sounder and sounding signal are listed in Table I . With the flexible FPGA control interface, many of these operation parameters such as; the number of and the order of TX-RX beam pairs, the SISO duration and the number of SISO repetition per beam pair, the measurable excess delay and the MIMO repetition rate can be modified on a per campaign basis. For example, for measurements in highly dynamic environments, we can use only the odd numbered beams (without missing any multi-path components, since the beam width is larger than twice the beam step) with no SISO averaging, and lower the measurement time for a MIMO sweep to 400 μs. Further details of the sounder and the validation measurements can be found in [18] . The measurements were performed on the University Park Campus, University of Southern California, in Los Angeles, CA, USA, in an area that resembles a typical urban environment. The TX was placed on a scissor lift at the height of 5 m while the RX was on a mobile cart with the antenna height of 1.8 m. We captured one MIMO snapshot every 200 ms as we moved the RX with an approximate speed of 0.15 m/s on straight lines resulting in a spatial sampling with an average rate of 3 cm per sample. As the RX moves, a laser distance meter records the distance to a reference object placed at the start of the route.
We focused on two scenarios; LoS and LoS to NLoS transition. For all measurements we performed [−45
• , 45 • ] azimuth sweeps at both the RX and the TX, while the bore-sights of the arrays facing towards to possible paths of propagation. The LoS measurements cover a 160 m route, and in this case 90
• RX sector was facing 0
• . The LoS to NLoS transition 
III. EVALUATION A. Data postprocessing
The directional PDP is estimated from the measured transfer function H according to
where m = 1, 2, ..., M t is the TX beam index, n = 1, 2, ..., M r is the RX beam index, and x is the displacement of RX from the origin of the continuous route. A gain-corrected Hanning window w(f ) is applied on the transfer function H before taking inverse fourier transform (IFFT). We have also compensated the transfer function based on the system calibration response.
Thanks to the precise laser distance meter, we can compute the average PDP over small-scale fading in a distance window with length d 0 = 40 cm, which is approximately 40 λ at 28 GHz. The ith average PDP is given bȳ
where
is the number of MIMO snapshots taken during this distance window D i . Similar to the spirit of [18] , [20] , the omni-directional 1 PDP is computed as
As a result the received power can be computed by where S τ,i is the set of delay bins whose power is 3 dB higher than the noise floor inP h,max (i, τ ). The propagation loss in dB is then given as
where P t is the transmit power and kept at constant during the expriments. Fig. 2 presents the pathloss fitting result for the LoS route. Due to the foliage effect, the received power for the tail of the LoS route is significantly attenuated. 2 The results demonstrate the importance of including foliage effect in mm-wave system simulations. We fit the propagation loss data to a dual-slope model to acquire the pathloss exponents (n 1 , n 2 ), cut-off distance d c and the intercept offset b The fitting model is given as
B. Pathloss fitting
where d is the distance between TX and RX. The fitted parameters are listed in Tab. II.
The realization of the shadowing process is the residual component of this fitting process, thus determined by 6), LoS→NLoS data based on the street-by-street PL model in [21] Let us investigate the shadowing process of measurement points that experience an unobstructed LoS, i.e. d < d c .
Assuming the shadowing process is stationary during this part of the route, the autocorrelation function of the shadowing process can be evaluated according to
where E{} is the expectation operator. The standard deviation of shadowing is 3.11 dB, and the autocorrelation distance is 1.2 m when we set the decorrelation threshold as 1/e. The relatively short shadowing correlation distance can be explained by the oscillation of propagation loss around the mean path loss, which is illustrated in Fig. 3 . This phenomenon is also observed in the typical two-path channel [3] . While interference between multipath components is normally not counted as "shadowing", it could be eliminated here only by using a larger averaging window, which would entail the danger of averaging out some actual shadowing as well. This is a demonstration of the general difficulty of separating small-scale and large-scale fading, an effect that occurs at all frequencies [22] . We also analyze the propagation loss for the LoS-to-NLoS transition route, where RX has two orientations. Let us denote them as P L tr,1 (y) and P L tr,2 (y), where the subscript 1 and 2 is used to differentiate the two routes measured for LoS to NLoS transition. We analyze the smaller propagation loss at the same location, which is defined as
We observe a large and rapid increase of propagation loss when RX moves from LoS to NLoS. The path loss increase is about 30 dB, which is close to the 25 dB reported in [17] . Following the method in [21] , we propose to fit this LoS to NLoS transition part according to the model given by Here y is the local displacement of RX from the starting point of the transition route, Δ denotes the corner loss proposed in [21] and is constrained to be nonnegative during the data fitting, and finally d 1 the distance between the route starting point and TX. The corresponding measured data and the fitted line is presented in Fig. 2 , and the parameters are given in Tab. II. The standard deviation of the shadowing process is 3.4 dB and the correlation distance is 4.8 m.
C. Correlation of PDP
We also evaluate the similarity of the omni-directional PDP P h,max (i, τ ) measured along the continous RX route, according to
We can easily verify that X pdp (i, i) = 1, ∀i. The analysis is similar to the one presented in [12] for the collinearity of PDP or local scattering function (LSF) in vehicle-to-vehicle propagation channels at 5.8 GHz. Fig. 4 presents the collinearity function of the PDP for the LoS route, where the same function is evaluated for LoS to NLoS transition route 2 in Fig. 5 . If we set the threshold of de-correlation for X pdp (i, j) as 0.9, the average correlation distance is about 0.9 m for the LOS scenario, but it can be as high as 4 m at the beginning section of the transition route and drops to about 1.26 m afterwards. These are comparatively smaller than the values presented in [12] . For the LoS case, the short correlation distance is a consequence of the high delay resolution, as the LoS moves from one resolvable delay bin to another with a relatively short movement of the RX. This has important consequences for the design of loop bandwidth in timing acquisition/tracking.
D. Analysis with time-varying APS
We also analyze the time-varying angular power spectrum (APS) for both TX and RX along the two routes. The results provide important insight into the directional information [18] , we can compute the APS based on the average PDP from Eq. (2), which is given by
Here ϕ T is the azimuth direction of departure (DoD) and ranges between -45
• and 45
• with a 5
• angle increment. Similarly we have ϕ R for the azimuth direction of arrival (DoA). The directions of 0
• in both cases are aligned with the orientations for TX and RX orientations. More details are presented in Section II. Figs. 6 and 7 are for the LoS route, where we can match the dominant direction with LoS. Figs. 8 and 9 are for the LoS to NLoS transition route, where we clearly see the dominant paths shift towards -40
• when RX moves into NLoS region. They are most likely reflected and diffracted paths around the street corner. This adaptation of the beam direction is critical for beam tracking, and depending on the speed of the TX/RX, relatively quick determination of new directions would have to be taken into account. These changes occur at both the TX and the RX.
IV. CONCLUSION
In this paper we present, to our knowledge, the first extensive measurement results on the stationarity region of MIMO mm-wave channels, which are based on over 20 million measured channel impulse responses. We have found that the foliage effect can significantly alter the PL exponent even in the LoS scenario, which leads the channel nonstationarity captured by our proposed dual-slope PL model. Meanwhile the propagation loss increases rapidly, about 30 dB, during the transition from LoS to NLoS scenario. We propose to model it with a street-by-street PL model. The autocorrelation distance of shadowing is 1.2 m in LoS route, although this value might be affected by the signal variation observed in the two-path channel. It rises up to 4.8 m for the LoS to NLoS transition route. The average correlation distance, computed based on the similarity of PDP, is 0.9 m for the LoS route. It can reach as high as 4 m at the beginning section of the transition route and drops to about 1.26 m afterwards. The analysis based on the correlation of shadowing and PDP has suggested that mmwave channels exhibit a smaller stationarity region compared with cm-wave channels.
